Abstract. On 11 February 1997 at 08:36 UT after a substorm onset the Auroral Turbulence 2 sounding rocket was launched from Poker Flat Research Range, Alaska into a moderately active auroral region. This experiment has allowed us to investigate evening (21:00 MLT) auroral forms at the substorm recovery, which were discrete multiple auroral arcs stretched to, the east and southeast from the breakup region, and bright auroral patches propagating westward along the arcs like a luminosity wave, which is a typical feature of the disturbed arc. The rocket crossed an auroral arc of about 40 km width, stretched along southeast direction. Auroral patches and associated electric fields formed a 200 km long periodical structure, which propagated along the arc westward at a velocity of 3 km/s, whereas the ionospheric plasma velocity inside the arc was 300 m/s westward. The spatial periodicity in the rocket data was found from optical ground-based observations, from electric field in situ measurements, as well as from ground-based magnetic observations. The bright patches were co-located with equatorward plasma flow across the arc of the order of 200 m/s in magnitude, whereas the plasma flow tended to be poleward at the intervals between the patches, where the electric field reached the magnitude of up to 20 mV/m, and these maxima were co-located with the peaks in electron precipitations indicated by the electron counter on board the rocket. Pulsations of a 70-s period were observed on the ground in the eastern component of the magnetic field and this is consistent with the moving auroral patches and the north-south plasma flows associated with them. The enhanced patch-associated electric field and fast westward propagation suggest essential differences between evening auroral patches and those occurring in the morning ionosphere. We propose the wave that propagates along the plasma sheet boundary to be a promising mechanism for the evening auroral patches. 
Introduction
Magnetospheric substorm onset (e.g. Akasofu, 1964; Rostoker et al., 1980 ) is accompanied by a fast change in the magnetospheric configuration, after which a recovery occurs toward a new steady state. The onset is manifested by a brightening and expansion of the auroral oval, which is associated with discrete auroral structures developing toward the west and the east, and also equatorward from the breakup region (Nakamura et al., 1993) . Later, during the recovery, the discrete auroral structures develop into diffuse and pulsating auroras.
At the substorm recovery, typical auroral forms are the discrete auroral structures (Nakamura et al., 1993) and pulsating auroras (e.g. Davis, 1978; Johnstone, 1983) . The pulsating auroras are more prevalent in the midnight and morning sectors, but at the recovery of the substorm they are observed in the evening sector as well, occurring as patches and arc segments (Royrvik and Davis, 1977) . The pulsating patches have a size from about 10 to 200 km in diameter. Usually they are found in irregular shapes. Royrvik and Davis (1977) reported auroral patches from simple to more complex structures of any orientation. Their periods of pulsations are in the period range from several to tens of seconds. The auroral patches drift eastwards in the morning sector and westwards in the evening sector. Arc segments usually show no internal structure and can be considered as uniform, sharply bounded and spatially stable. The size varies from 1 to 10 km wide and of the order of 100 km long in any orientation (Royrvik and Davis, 1977) . The arc segments may develop from the arc-like discrete auroral structures described by Nakamura et al. (1993) .
There were many efforts made to understand the mechanisms of the substorm onset (see, e.g. reviews by Elphinstone et al., 1996; Rostoker, 1999; Lui, 2001) . However, less attention was paid to the auroral structures arising at the substorm recovery, due to turbulence in the magnetosphere-ionosphere (Fig. 2) . The time interval 08:40 to 08:42 UT discussed within this study is marked at the substorm recovery.
system. These complex and highly variable auroras can be well observed by optical instruments, but one has seldom the possibility to measure the electric fields (or the F-region ionospheric plasma flows) associated with them. Incoherent scatter radar provides good data on the plasma flows associated with stable auroral forms (Aikio et al., 1993) , but in the disturbed background the radar measurements are hardly running at a proper temporal resolution. Sometimes outside the discrete auroral structures one finds large electric fields, such as described in Lanchester et al. (1996) . These higher electric fields are found in regions of low electron density and, therefore, with a low signal-to-noise ratio leads to still one difficulty with radar measurements. Thus, low-altitude satellite and rocket-born experiments would be the best tools for the investigation of the auroral activity during the substorm recovery phase, but such measurements are rather seldom. Mainly in situ electric fields related to auroral arcs have been studied in the past (Marklund, 1984) . In this paper we report on the unique observations made in the course of the Auroral Turbulence 2 (AT2) rocket experiment, which allow us to study the electrodynamics of the auroral structures at the substorm recovery.
Instruments and data
On 11 February 1997 at 08:36 UT after a substorm onset the Auroral Turbulence 2 (AT2) sounding rocket was launched from Poker Flat Research Range, Alaska (64.9 • N, 212.2 • E, 21:00 MLT) into a moderate actively nightside auroral region and into the wake of the westward travelling surge (WTS). It was the first successful launch of a set of three slowly separating completely instrumented payloads (referred to as Main (central), North, and East) from a single launch vehicle (Black Brant XII), which flew in a triangle formation of observation points and crossed several distinct auroral forms during its 800 km flight. The payload cluster was remaining above the 150 km altitude for at least 600 s. The apogee was at around 500 km altitude. A detailed description of the experiment can be found in Pietrowski et al. (1999); Lynch et al. (1999) ; Danielides et al. (1999) . In this study we use data from electric field and particle measurements on board this payload cluster. For the electric field measurements, on board each payload four electric potential spheres were deployed on the ends of 1.5 m booms in the spin plane . Here we leave the main payload out of consideration, due to contamination from the attitude control system (ACS) firings during the period of interest. The shadow effect in the raw electric field data for the sub-payloads has been equally treated as in Pietrowski et al. (1999) . Since the North payload observes a greater shadow effect here, primarily the data from the East payload are considered. The raw electric field data is despun, using a rigid body motion model derived from the onboard magnetometer data . The electric field data have been filtered by averaging over a 2-s window, in order to reduce the spiky signal structure caused by the shadow effect. In addition to the electric field data, the particle data (electron counts) are used in this study. The particle detectors measured 5 eV -15 keV electrons, at all pitch angles (for more details, see Lynch et al., 1999) .
Auroral observations were made by the all-sky TV cameras situated at Poker Flat rocket range (64.9 • N, 212.2 • E) and Fort Yukon (66.6 • N, 214.8 • E). The field of view (180 • ) of the camera is of the order of 500 km at 100 km altitude, overlapping and covering the region along the rocket trajectory without any gap. For our study, we used the time resolution of one frame every 5 s.
The altitude of the auroral luminosity was determined by triangulation from TV cameras (at Poker Flat and Fort Yukon) at about 105 km, whereas the rocket experiment was at the altitude of 360 km to 480 km. To determine the position of the payload with respect to the auroral structures, we mapped the payload position down to 105 km (auroral altitude) along the magnetic field lines. The National Space Science Data Center (NSSDC) transformation from Corrected GeoMagnetic (CGM) to GEOcentric spherical (geographic) coordinates has been used for this purpose.
The ultraviolet imager (UVI) on board the POLAR satellite was used for a global view of the auroral oval. Geomagnetic background and ionospheric electrodynamics were monitored by the ground-based magnetometer measurements. The magnetometers were located in Poker Flat and Fort Yukon, together with the all-sky TV cameras mentioned above.
Observations
The observations occurred in disturbed geomagnetic conditions (daily A p = 211.15). Geophysical background of the investigated substorm was described in detail by Danielides et al. (1999) . At about 08:13 UT a sharp decrease of about 700 nT occurred at Poker Flat in the magnetic H -component indicating a substorm onset (Fig. 1) . The auroral breakup oc- At 08:36 UT, 23 min later after the substorm onset, the AT2 sounding rocket was launched into the WTS wake environment. Two global UV images taken at 08:38 and 08:47 UT (Figs. 2b and c) demonstrate the auroral background during the experiment, which was characterised by a gradual decreasing of the auroral activity. The circle near 21:00 MLT indicates the field of view of the all-sky camera in FY, which corresponds to the region of the observations reported here. Two ASC frames from FY and PF taken at 08:41 UT (Fig. 3) show more detailed auroral background along the rocket trajectory (arrows indicate the rocket position mapped along the magnetic field line to 105 km altitude). Three distinct arc-like auroral structures are indicated in Fig. 3 (arcs 1 and 2 are seen in both PF and FY).
Assuming the lower edge of the auroral luminosity at 105 km, we have mapped the selected three arcs onto a geographic map in Fig. 4 , where the rocket trajectory crossing the auroral arcs 1, 2, and 3 is indicated by the line pointing northward from Poker Flat. The AT2 payload cluster deliv- ered useful in situ data, starting from about 08:40 UT when it was in a vicinity of arc 2. The entire set of AT2 measurement data has been studied earlier for a later period of the rocket flight Lynch et al., 1999; Ivchenko et al., 1999; Pietrowski et al., 1999) . However, so far only the most intense large-scale auroral signatures have been studied, which were crossed by the payloads after 08:42 UT and are related to the most poleward arc 3. In the present study our main focus is on arc 2 and the associated fine auroral structures, which were crossed at around 08:40 to 08:42 UT.
The observed auroral arcs are typical discrete auroral structures developing within the bulge expanding poleward during a substorm, as was described by Nakamura et al. (1993) (p. 5743) : "At the eastern part of the bulge, thin auroral features propagate eastward from the breakup region. Around the central meridian of the bulge, auroral features expand equatorward and become north-south aligned (the N-S aurora). The N-S aurora and the eastward propagating aurora develop into diffuse and pulsating aurora after the expansion." In Figs. 3 and 4, the most poleward intensive arc 3 corresponds to the aurora propagating eastward. This arc studied in earlier papers was quite stable, whereas arc 1 can be identified as "N-S" auroras decayed at the substorm recovery by developing into diffuse and pulsating aurora (Nakamura et al., 1993) . Arc 2 is orientated in the NW-SE direction.
In the following sections we present a detailed investigation of the electric field and fine auroral structures associated with arc 2, which was crossed by the payload at around 08:40 to 08:42 UT, during the substorm recovery.
Data analysis and experimental results
Nine all-sky video frames from Fort Yukon in Fig. 5 show the auroral situation along the rocket trajectory at 08:40 to 08:42 UT. In the west part of the frames, the rocket position (mapped along the magnetic field line to 105 km altitude) is shown, together with its local geographical coordinate system, and vectors in the rocket location represent the in situ measured electric field. Thus, Fig. 5 shows the rocket when crossing arc 2. The arc was not homogeneous along its stretching: bright patches (indicated by letters a, b, and c) were propagating westward along the arc, so that patches (a) and (b) where passing close to the payload position at about 08:40:35 UT and 08:41:10 UT, respectively. The spatial size of the patches was of the order of 100 km. Arc 1 observed in the southwest was associated with patch-like bright structures, too. In the course of the observations, arcs 1 and 2 decayed by developing into the auroral patches and arc segments in a diffuse background.
For a more detailed consideration, we have mapped onto the Earth's surface the auroral structures associated with arc 2. Sketches in Fig. 6 show a sequence of the aurora positions in the rectangular framework having its origin in Fort Yukon and vertical axis pointed to the geomagnetic pole. The main interest is focused on the locations of arc 2 and the bright spots (patches a, b, and c) moving along this arc. The location of the auroras is represented by the position of its lower edge (assumed at the 105 km height), which is the sharp edge most distant from zenith at TV frames. The locations of the lower edge were determined several times manually for each frame; this has allowed us to find the average values and to estimate the error values, which were of the order of 20 km. The error bars create the strip-like sketch of the auroral arc in Fig. 6 . The arc was oriented from northwest to southeast at an angle of about 20 degrees from geomagnetic latitude. Most intense luminosity regions of patches a and b are marked by asterisks with corresponding letters. The patches propagated to the west at a velocity of about 3 km/s, following each other at a distance of the order of 200 km along the arc. At the interval between patches (b) and (c), the auroral arc forms a fold-like structure bowed northward.
The location of the rocket is marked on the grid in Fig. 6 as a dot with a vector, where the vector represents the plasma drift velocity, V = E × B/B 2 , calculated from the in situ electric field measurement. The plasma drift velocity vectors from Fig. 6 are presented in an arc-associated coordinate system in Fig. 7a . The plasma drift velocity vectors form a vortex structure with its focus westward of the auroral patch, indicated as (b). This vortex structure is caused due to both the occurrence of an auroral arc associated electric field and an auroral patch associated electric field. One can separate the plasma velocity vectors into 2 components corresponding to the plasma flows along the arc (V y) and across the arc (V x) in the arc-associated coordinate system. The auroral patch, indicated as (b), is taken as a local reference point within the auroral arc structure. Then the auroral patches, indicated as (a) and (c), are shown in their mean distance to (b). Spatial variations in the cross-arc plasma flow (V x) should be attributed to the inhomogeneous structures distributed along the arc. Also, we have presented V x in the framework of moving patches (Fig. 7b) . This plot demonstrates that the auroral patches were associated with equatorward plasma flow (across the arc) of the order of 200 m/s in magnitude, whereas at the intervals between the patches the cross-arc plasma flow comes down to zero and tends to be poleward. Figure 7c shows the plasma velocity component along the arc (V y) versus a distance from the northern edge of the arc. This plot demonstrates that the arc was associated with a westward ionospheric plasma flow of the order of 300 m/s in magnitude, and convection reversal occurred at the northern edge of the arc. So, just poleward of the arc the plasma flow was eastward at about 200 m/s in magnitude. Thus, the arc corresponds to a Birkeland current type arc, after the classification of Marklund (1984) . Figure 8 summarises the measurements made during the rocket flight at 08:40-08:42 UT. In the considered initial stage of the flight, the separation between the payloads was small, so data of the North payload, showing only minor differences from East payload, are not presented here. A relative auroral intensity at the payload position, from 08:40:00 to 08:42:00 UT, is shown in panel (a), for which purpose a box of 20 × 20 km was selected in the payload position (Fig. 5) , and the mean intensity in the box has been plotted versus time. The electron count in situ data are shown in Fig. 8b , just below the relative auroral intensity. The correlation of the two curves (panels a and b) indicates the accuracy of the rocket position calculated. The increase in both auroral intensity and the electron count corresponds to the auroral arc crossed by the rocket at about 08:40:30 to 08:41:20 UT, indicated by the vertical lines. The rocket had a northward velocity 1 km/s and it crossed the arc at an the angle of about 45 • , so the width of the arc-associated precipitation region can be estimated at about 40 km. Two precipitation peaks, indicated by letters (a) and (b), correspond well to respective auroral patches.
The following two panels, (c) and (d), show the electric field measured by the East payload, which indicates that the electric field increased in the auroral patches up to of the order of 20 mV/m in magnitude. The 200-km spatial periodicity in the electric field was concluded from the optical ground-based observations, electric field in situ measurements, and ground-based magnetic observations. The lower panels (e-i), in Fig. 8 show the magnetic field mea- sured on the ground in PF and FY. In both observatories, the Y -component of the magnetic field shows 70-s pulsations, which corresponds well to the periodical variations in the northward plasma flow (eastward electric field) associated with moving auroral patches (Fig. 7b) . Thus, the auroral patches and corresponding plasma flow form a 200-km periodic spatial structure that propagated westward at the velocity of the order of 3 km/s, which is indicated by the 70-s temporal pulsations observed on the ground. To summarise this section, we will list the main features of the observed auroras:
1. The arc of about 40 km in width was stretched along the south-east direction at 20 • to geomagnetic east. Inside the arc, ionospheric plasma velocity along the arc was 300 m/s westward, and convection reversal occurred at the northern edge of the arc.
2. Auroral patches and associated electric fields formed a 200 km periodical structure along the arc, which propagated westward at a velocity of 3 km/s. These bright patches coincide with equatorward plasma flow across the arc of the order of 200 m/s in magnitude, whereas at the intervals between the patches the plasma flow tends to be poleward. In the patches, the electric field reaches maximal magnitudes enhanced up to 20 mV/m.
Discussion
In this section we compare the characteristics of the observed auroral patches with the results obtained in earlier studies. It is important to mention that the earlier studies were mostly made in the morning side, where the auroral patches are commonly observed, whereas our observations were made in the evening side around 21:00 MLT, where such auroras are not typical and occur after a substorm (Royrvik and Davis, 1977) . The main issues to be discussed are the precipitation mechanism, electric field pattern, and motion of the auroral patches. Two basic mechanisms of auroral precipitation are known: (e.g. Swift, 1981) (1) acceleration by the field-aligned elec- Fig. 7 . Plasma drift velocity calculated from in situ electric field measurements, here presented as plasma flow (Fig. 6 in (a) , split up to components (b) plasma flows across the arc (V x) and (c) plasma flows along the arc (V y). The plasma drift velocity components are presenting arc-associated coordinate system (horizontal line; about 20 degrees offset from the geomagnetic coordinate system). The auroral patches marked in Figs. 5 and 6 are marked as (a), (b) and (c).
tric field associated with a field-aligned current (FAC) and (2) scattering of trapped particles into a loss-cone due to waveparticle interaction. The first precipitation mechanism should be associated with the field-aligned current flowing up from the luminosity area, and the corresponding convection vortex surrounding the patch (e.g. Kamide, 1981) . However, our observations (Fig. 7b) indicate that the location of an upward FAC (associated with a clockwise vortex in Fig. 7a ) is just westward of the patches, whereas the bright patches are associated with a maximum in the electric field magnitude (Figs. 8b and c) that suggest the absence of the fieldaligned current. Thus, one can conclude that the observed auroral patches were caused by second mechanism, which agrees with the earlier results obtained mainly from observations of morning auroral patches. The patches were found to be associated with VLF emissions (e.g. Tagirov et al., 1999 , and references herein). It has been concluded that the auroral patches are the result of pitch angle scattering of energetic electrons by magnetic whistler mode waves (Davidson, 1979; Tagirov et al., 1986) . Our result suggests that the observed patches differ from the bright features in auroral arc elements studied earlier by Lanchester et al. (1996) , who found that the regions of maximal luminosity and strong electric field are associated with FAC.
The second issue to be discussed is the electric field and convection pattern associated with the patches (Figs. 7b and  8b-d) . Precipitation of the scattered energetic electrons results in the ionospheric conductivity increase and the corresponding polarization electric field (Maltsev et al., 1974; Mallinckrodt and Carlson, 1978; Kozlovsky and Lyatsky, 1997) . Earlier ground investigations have shown that the patch-associated electric fields are induced in an ionisation tail in the ionosphere behind a moving auroral patch, in conjunction with the convection electric field Hayashi, 1984, 1985) . A signature of this induced (polarization) electric field was observed in the course of the rocketborn measurement by Saito et al. (1992) , who reported on the upward propagating kinetic Alfvén wave which was produced by the auroral precipitating electrons and the resultant ionisation of the neutral atmosphere. However, the polarization effect should result in an electric field magnitude diminished in the patches of enhanced ionospheric conduc- tivity. On contrary, we observed clear increases in both the equatorward convection (Fig. 7b ) and the electric field magnitude (Fig. 8 ) associated with the patch electron precipitations. Thus, one should suppose a magnetospheric source for the patch-associated electric field that will be discussed below.
We observed a westward motion of the auroral patches at the velocity of the order of 3 km/s, whereas the ionospheric plasma flow in the same direction did not exceed 300 m/s. This differs from the typical observed motion of the auroral patches, which, in many cases, was found to be governed by the magnetosphere-ionosphere convection (E × B drift) (e.g. Scourfield et al., 1983; Nakamura and Oguti, 1987) . A difference in the velocities might be explained by assuming the inverted-V potential structure associated with the auroral arc along which the patches propagate. An other possible explanation is connected with a magnetospheric wave propagating westward. The wave model seems preferable, because it may explain both the fast westward propagation and the increased patch-associated electric field.
A suitable wave was studied theoretically by Maltsev and Lyatsky (1984a,b) , where a dispersion equation was obtained for the surface waves at the sharp inner boundary of the plasma sheet, and the wave was suggested for the explanation of the east-westward motions of absorption bays. Further development was made in Safargaleev and Maltsev (1986) , where the model has been expanded for the case of a diffuse boundary of the plasma sheet. To summarize the main results of the mentioned papers, in the magnetospheric regions, where a gradient of plasma pressure exists, the waves can propagate in the east-west direction (along the lines of constant plasma pressure). At the ionosphere level, these waves have a velocity of the order of several km/s and a wavelength of 100 km or larger, which is close to the characteristics reported here (3 km/s and 200 km, respectively). The wave propagation is associated with the plasma velocity oscillating in the north-south direction, which agrees well with our observations (Fig. 7b) . And finally, the waves have an oscillating compressional component, which can change the anisotropy of trapped particles (in a compressing flux tube, the transverse temperature increases more than the parallel one). In its turn, the cyclotron instability growth rate depends on the anisotropy, so the compression may lead to the generation of a VLF wave. The generated VLF waves scatter hot electrons into the loss-cone that results in the precipitation (Hayashi et al., 1968; Coroniti and Kennel et al., 1970) .
Magnetic field pulsations registered on the ground give additional evidence in favour of the wave. The period of the pulsations is consistent with the moving patches observed poleward of FY; however, the magnitude of the pulsation in FY was of the same range (about 10 nT) as in PF, located 200 km southward. This feature can be associated with a north-south oriented wave front rather than a magnetic effect of 100 km size patches.
Thus, we propose that the observed evening auroral patches may be due to the magnetospheric wave propagating in the boundary of the plasma sheet. On the other hand, the plasma sheet boundary is a favourable region for auroral arcs (e.g. Lyatsky, 1994, 1999) , that is consistent with the observations in the evening sector development adaptation from arc segments into both discrete arcs and patches (Royrvik and Davis, 1977) . Near the Earth (L ≤ 7 R E ), the sunward convection flow of hot particles splits, due to the gradient drift, so the hot ions drift westward to form the evening plasma sheet, whereas the energetic electrons drift to the east, where their precipitations produce morning auroral patches. Hence, the differences between the morning and evening patches follow from the dawn-dusk asymmetry in the magnetospheric plasma.
Conclusion
We have investigated evening (around 21:00 MLT) auroral forms observed during the recovery of a substorm that occurred in the region of observations 23 min earlier. The observed auroral forms are discrete multiple auroral arcs stretched to the east and southeast from the breakup region, that are typical structures developing within the bulge expanding poleward during a substorm. At the substorm recovery, the arcs were decaying by developing into auroral patches and arc segments in a diffuse background, and bright auroral patches propagated westward along the arcs. We present a detailed investigation of the electric field and fine auroral structures associated with the arc, which was crossed by the sounding rocket in the course of AT2 experiment.
1. The arc of about 40 km in width was stretched along the south-east direction at 20 • to geomagnetic east. Inside the arc, ionospheric plasma velocity along the arc was 300 m/s westward and convection reversal occurred at the northern edge of the arc.
2. Auroral patches and associated electric fields formed a 200 km periodical structure, which propagated along the arc westward at a velocity of 3 km/s, though they were moving much faster than the convection flow! This luminosity wave is a feature of the disturbed arc.
3. These bright patches were co-located with equatorward plasma flow across the arc of the order of 200 m/s in magnitude, whereas at the intervals between the patches the plasma flow tended to be poleward.
4. In the patches, the electric field reaches maximal magnitudes enhanced up to 20 mV/m, and the maxima were co-located with the peaks in electron precipitations, indicated by the electron counter on board the rocket.
5. Pulsations of a 70-s period were observed on the ground in the eastern component of the magnetic field, that is consistent with the velocity, spatial size, and convection pattern of the moving auroral patches.
The electric field measurements do not indicate that any field-aligned currents associated with the precipitations created the patches. The enhanced patch-associated electric field cannot be explained by the polarization effect, which, together with the fast westward propagation, suggests essential differences of the evening auroral patches from those occurring in the morning ionosphere. We propose the wave that propagates along the plasma sheet boundary to be a promising mechanism for the evening auroral patches.
